The characteristics of liver iron accumulation were studied during N-2fluorenylacetamide (FAA)-induced hepatocarcinogenesis in rats. After injection of iron-dextran i n control rats, hepatocytes accumulated stainable iron evenly through.out hepatic lobules. During the feeding of FAA, iron accumulation was reduced in the midzonal and centriiobular regions. After FAA removal, hepatocytes in these regions again accumulated high amounts of iron. Hepatocellular altered foci induced by FAA displayed rather uniform (> 94%) iron-exclusion during FAA feeding. After FAA removal, however, iron-exc'lusion was lost i n a fraction of the foci, while others (40-64%) remained resistant to iron accumulation. A large majority of liver neoplasms (> 93%) displayed resistance to cellular iron accumulation both during FAA feeding and after removal of FAA. Thus, iron-exclusion by liver neoplasms i s carcinogen-independent and irreversible, in contrast with that of normal hepatocytes which is completely carcinogen-dependent and reversible. Altered foci appear to represent two populations: one is characterized by reversible iron-exclusion whereas the other, like neoplasms, possesses permanent iron-exclusion.
METHODS
A total of 86 F344 male rats obtained from Charles River Laboratory, Kingston, NY, were housed in plastic cages with hardwood bedding. They had free access to diet and water. The basal diet throughout was NIH-07 and water was provided by an automatic distribution system. The room in which the animals were housed was in a barrier maintained animal facility with Iz-hour light and dark cycles and a constant temperature of 20°C and 50% humidity.
FAA from Aldrich Chemical Co., Milwaukee, WI, was incorporated into the basal diet to make a 200 ppm FAA diet prepared by Bio Serv, Frenchtown, NJ.
The studies involved rats from three separate experiments as indicated in Figure 1. FAA diet was begun when the animals were 6 weeks of age at which the average body weight was 125 g. Groups 1 and 2 were fed the FAA diet for 8 weeks (group 1, 63 rats) or 10 weeks (group 2, 11 rats). During FAA administratipn to group 1, three rats were killed every week from 0 to 8 weeks to document iron accumulation in hepatocytes. Subsequently, these groups were maintained on the basal diet for 6, 12, and 24 weeks, and some rats, as shown in Fig. I , were killed at each interval. These two groups provide confirmation of the observations of properties of foci in the absence of carcinogen administration. Another group of 15 rats (group 3) was fed the FAA diet throughout the experimental period from 0 to 24 weeks. Three or four rats in group 3 were subsequently killed at 10,12,18 and 24 weeks of FAA feeding.
Prior to killing, all animals were iron loaded for the demonstration of iron accumulation in hepatocytes, altered foci and neoplasms. Iron loading was accomplished as previously described by subcutaneous injection of iron dextran (17) . For necropsy, animals were killed by exsanguination. Livers were removed and slices were taken from 0 I 0 1. I. each of 6 sublobes as described previously For histology, serial sections were made from each slice. One was stained with hematoxylin and eosin (H 'and E) and one reacted for iron by the Prussian blue technique (8). Liver lesions were diagnosed according to the criteria of the Institute of Laboratory Animal Resources report (3). Foci were counted in both iron-reacted and H and E-stained sections under FAA feeding and in iron-reacted and either y-glutamyltranspeptidase (GGT)-reacted or H and E-stained sections under basal diet after FAA removal.
RESULTS
Hepatocytes. In group 1, at 0 week before rats were exposed to FAA, all hepatocytes in each zone of the hepatic lobule accumulated high amounts of stainable iron which was evenly distributed (Figure 2 ). With FAA administration, hepatocytes in the midzonal and centrilobular regions displayed reduced iron accumulation, whereas periportal hepatocytes continued to store large amounts of iron ( Figure 3 ). Likewise, in group 2, at 10 weeks of FAA feeding, hepatocytes in the midzonal and centrilobular regions were not iron loaded. After cessation of FAA feeding, high levels of iron accumulation occurred again in all hepatocytes in all three zones of the hepatic lobules. In group 3 receiving continuous FAA feeding, midzonal and centrilobular hepatocytes displayed reduced iron accumulation at 10, 12, 18, and 24 weeks, while periportal hepatocytes stored large amounts of stainable iron even up to 24 weeks.
Hepatocellular Altered Foci. At 3 weeks of FAA feeding in group 1, altered foci were present. During FAA diet up to 8 weeks, all foci displayed resistance to iron accumulation (Figure 4) which was greater in degree than that of the iron-deficient hepatocytes (Figure 3 ). After removal of the FAA diet, however, iron-exclusion was lost in some of the foci identified in either GGI-reacted or H&E-stained sections (Figures 5 and G ) , whereas others (41-48%) remained iron-excluding (Table I) . In group 2, at 10 weeks of FAA feeding, all foci were iron-excluding, as in group 1 (Table I) . After cessation of FAA, a fraction of foci (4744%) remained ironexcluding. With continuous FAA in group 3, almost all foci were iron-excluding in rats killed at 10, 12, 18 and 24 weeks (Table I) .
Neoplasms. In group 1, no liver neoplasms were present at 8 weeks of FAA feeding. After removal of FAA diet, by 24 weeks, a total of 18 liver neoplasms developed in 12 rats. Of these, 94% were iron-excluding (Table 11) whether neoplastic nodules (Figure 7) or carcinomas (Figure 8) . In group 2, 6 liver neoplasms were present at 10 weeks of FAA feeding; all of these were iron-excluding. After cessation of FAA feeding, a total of 47 liver neoplasms developed by 24 weeks in 8 animals and 96% of these were iron-excluding. In group 3 with continuous FAA feeding for 24 weeks, a total of 59 liver neoplasms developed in 15 animals, 93% were ironexcluding (Table 11 ).
DISCUSSION
The present study documented several features of iron deposition in rat liver during FAA-induced hepatocarcinogenesis as follows: 1) reduced iron accumulation occurs in heptocytes under the influence of FAA; 2) altered foci are uniformly iron excluding during FAA administration, but reversion to iron accumulation occurs in some after cessation of carcinogen exposure: 3) liver neoplasms are uniformly resistant to iron accumulation in the absence of carcinogen exposure. FAA, in addition to being a carcinogen, exerts a variety of toxic effects on the liver (21) (22) (23) (24) . Cytotoxicity is most severe in centrilobular hepatocytes (21, 25) , as with other hepatoxins (26) . Therefore, the reduced iron accumulation of centro-midzonal hepato-cytes may be due to cytotoxic effects of FAA. This is consistent with the observation that reduced iron accumulation increased progressively with FAA feeding and disappeared after removal of FAA.
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TOXICOLOGIC PATHOLOGY
Altered foci are generally considered to be "preneoplas tic" lesions (1 0-141, a1 t hough some of them may be neoplastic (27, 28) . For preneoplastic foci, their properties should be intermediate between normal hepatocytes and neoplasms. In fact, a fraction of altered foci showed carcinogen-dependent reversible iron-resistance similar to normal hepatocytes while another set was iron-resistant independent of carcinogen administration similar to liver neoplasms. This may be related to different stages of the hepatocarcinogenic process or different genotypes since even the iron-excluding neoplasms sometimes contained a few iron-containing neoplastic cells. Consistent with this, foci have been reported to display a diversity of DNA contents (28) and enzyme profiles (4, 7-9).
The iron-exclusion of liver neoplasms seems clearly to represent an acquired abnormality of the cells since it was uniform and permanent, even in the absence of carcinogen exposure. Liver neoplastic cells have been shown not to be altered in their uptake of iron (29) . Presumably, therefore, a defect in structure or expression of ferritin, which is essential for iron metabolism (30) (31) (32) (33) (34) (35) , may be involved.
Thus, the findings in this study suggest that the hepatocarcinogenic process may be reflected in the process of evolution from a carcinogen-dependent reversible reduction of iron storage to establishment of a carcinogen-independent irreversible iron-resistant population.
